In this article, the upper cervical spine remains recovered from the Sima de los Huesos (SH) middle Pleistocene site in the Sierra de Ata puerca (Burgos, Spain) are described and analyzed. To date, this site has yielded more than 5000 human fossils belonging to a minimum of 28 individuals of the species Homo heidelbergensis. At least eleven individuals are represented by the upper cervical (Cl and C2) specimens: six adults and five subadults, one of which could represent an adolescent individual. The most complete adult vertebrae (three atlases and three axes) are described, measured, and compared with other fossil hominins and modern humans. These six specimens are associated with one another and represent three individuals. In addition, one of these sets of cervical vertebrae is associated with Cranium 5 (Individual XXI) from the site. The metric analysis demonstrates that the Sima de los Huesos atlases and axes are metrically more similar to Neandertals than to our modern human comparative sample. The SH atlases share with Neandertals a sagittally elongated canal. The most remarkable feature of the SH (and Neandertal) axes is that they are craniocaudally low and mediolaterally wide compared to our modern male sample. Morphologically, the SH sample shares with Neandertals a higher frequency of caudally projected anterior atlas arch, which could reflect greater development of the longus colli muscle.
Introduction
The Sima de los Huesos (SH) site is approximately 0.5 km from the Cueva Mayor entrance, well inside the Cueva Mayor Cueva del Silo cave system in the Sierra de Atapuerca in northern Spain (Arsuaga et aI., 1997b) . To date, more than 5000 fossil human remains have been recovered from the site in the excavations directed by complete corpses were accumulated at this site. The age at-death distribution suggests that a nonattritional demographic event affected this living population (Bocquet-Appel and Arsuaga, 1999; Bermudez de Castro et aI., 2004) . The origin of the human accumulation is most likely to be anthropo genic (Arsuaga et aI., 1997b) . A recently discovered hand axe has been interpreted as evidence of symbolic behavior in these early humans (Carbonell et aI., 2003) .
A recently found in situ speleothem (SRA-3), which seals the human-fossil-bearing sediments throughout the site, has been dated. There is a hiatus in the speleothem growth at about 4 cm below the top. This upper portion shows a linear growth rate of about 1 cm per 32,000 years. Ten dates have been ob tained in the lower 10 cm of speleothem below the hiatus, all of which indicate a nilnimum age of 350 ka, although this thickness could represent a significant amount of time beyond this date. Thus, a range of 400-500 ka has been proposed for the human remains (Bischoff et aI., 2003) . These dates are compatible with both the micro-and macromammalian assem blages (Cuenca-Besc6s et aI., 1997; Garcfa et aI., 1997; Garcfa, 2002) . Bischoff et al. (2006) recently published a reanalysis of six samples of SRA-3 using inductively coupled plasma multicollector mass-spectrometry (lCP-MS), which yielded new dates that cluster around 600 ka, with an estimated mini mum age of the speleothem, and thus of the underlying human fo ssils, of 530 ka.
The human remains from this site have been assigned to Homo heidelbergensis. This species, in our view, is exclu sively European, and is ancestral only to the later Neandertals (Arsuaga et aI., 1991 (Arsuaga et aI., , 1997c Carretero et aI., 1997; Martlnez and Arsuaga, 1997) .
The record of the upper cervical vertebral column is rela tively abundant for Homo neanderthalensis and late Pleisto cene Homo sapiens, but with respect to the rest of the genus Homo, it is scarce or nonexistent. 1 The virtual absence of a fos sil record of the upper cervical spine for the middle Pleisto cene underscores the importance of the SH specimens described and analyzed here.
Regarding the Neandertals, the most conspicuous traits described for the atlas vertebra (Cl) are (1) weakly developed tubercles for the insertion of the transverse ligament and (2) a caudal proj ection of the anterior tubercle (Boule, 1911 (Boule, -1913 Martin, 1923; Heim, 1976; Arensburg, 1991) ; for the Ne andertal axis (C2) no trait or pattern has been highlighted except its great morphological variability (piveteau, 1966) . In his study of the cervical spine of the Kebara 2 Neandertal individual, Arensburg (1991) concluded that, except for the horizontal spi nous process of the C6 and C7, the cervical column seemed to be within the range of variation of modern human populations. Nevertheless, the study of the nilddle Pleistocene SH upper cervical vertebrae (Cl and C2) may reveal some previously lll1documented morphological features and/or patterns of varia tion within the Neandertal evolutionary lineage.
The first part of the study comprises the inventory of all the atlases and axes, with the determination (if possible) of the age at death (Tables 3 and 4 ) and the nilnimum number of individ uals represented among the remains. A brief description of the most complete adult vertebrae is also provided. In the second part, we perform a metrical analysis of the adult vertebrae and compare the anatomical features present in the SH specimens with those found in other samples of Homo, especially H. ne anderthalensis and H. saplCns.
Materials
The SH vertebral sample comprises 455 fo ssils that repre sent at least 180 vertebrae. The cervical sample consists of 116 fo ssils (G6mez-Olivencia, 2005) , including 22 first cervi cal vertebrae (atlas) and 16 second cervical vertebrae (axis). The present study includes the atlas (Cl) and axis (C2) re mains recovered up through the 2004 field season. An inven tory and photographic documentation of all the fossil material, as well as short descriptions and metrical data of the most complete adult vertebrae, are provided.
Descriptions of a few of the cervical vertebrae [including the atlas VC3 (AT-1554) and a general description of the SH cervical vertebrae] have been published previously (Carretero et aI., 1999; G6mez et aI., 2005) . The present study provides a detailed analysis of the SH upper cervical spine. Appendix 1 provides information on the labeling of the SH vertebrae.
For comparative purposes we have studied a large sample of modem human skeletons and fossil hominin specimens from the following species: H. antecessor, H. neanderthalensis, and late Pleistocene H. sapiens (Table 1) . Although remains of the atlas and axis are also known from the Mousterian site of Qafzeh (Vandermeersch, 1981) , their fragmentary nature makes comparison with these specimens difficult. Data for the following specimens have been taken from the literature: Kebara 2 (Arensburg et aI., 1990; Arensburg, 1991) , Regour dou 1 (piveteau, 1966) , Shanidar 2 and 4 (Stewart, 1962; Trinkaus, 1983) , Subalyuk (pap et aI., 1996) , and Dolni Vesto nice 14 (Sbidek et aI., 2000) .
Methods
We used standard anthropometric techniques and instru ments to take all measurements. The metric variables are illus trated in Fig.!. Following Meyer (2005) , the areas of vertebral canals were measured on scaled digital images and cross checked for accuracy by comparing imaged linear measure ments to physical dimensions measured with digital calipers. This method avoids the considerable error of area estimation by simply multiplying the dorsoventral and transverse diame ters of the neural canal (Meyer, 2005) . Vertebral-canal areas were measured on cranial (atlas) and caudal (axis) photographs using CAD software and cross-checked using the canal's max imum transverse diameter (M11). For the atlas, the photograph was taken in superior view. Univariate comparative analysis was performed on all of the variables measured in the atlases and axes. Bivariate analysis was performed on the vertebral-canal variables (MlO and Mll) in both Cl and C2, and the Mla and STrD measurements in the axes. We used nonparametric methods in cases where one or more of the groups had a sample size of n < 10. For the uni variate analysis, we performed a Kruskal-Wallis test to com pare the differences between the SH, Neandertal, and Burgos modem human samples. ""When a significant difference (p < 0.05) was found in a variable, we performed a Mann ""Whitney test between all possible pairs of samples to determine which ones were significantly different. We adjusted the p values for these comparisons using the Bonferroni method and have reported all the cases in which p < 0.10.
Inventory
Here we provide an inventory of all the atlas and axis re mains. These fo ssils are listed in Tables 2 and 3 and depicted  in Figs. 2-5. The SH upper cervical sample comprises 22 atlas specimens and 16 axis specimens.
Age at death
The age at death has been estimated for the SH cervical vertebrae (Tables 2 and 3 ) based on modem human patterns of maturation (i.e., fusion of the principal centers of ossifica tion, presence/absence of the epiphyseal rings, and degree of obliteration of the metaphyseal scars). However, since the SH hominins had a shorter period of dental growth (Ramirez Rozzi and Bermudez de Castro, 2004) , the ages at death might be overestimated if tooth formation is correlated with somatic development, as proposed by Smith (1991) .
Given the difficulty of assigning a precise age at death based on the ossification patterns of the atlas (except in limited cir cumstances), these specimens are classified as adult or sub adult. The atlas's principal centers of ossification are fused by the sixth year of life (Scheuer and Black, 2000) . Additional attention was given to the surface of the articular fa cets for the determination of the age at death, since immature individuals show a more porous surface. In the Atapuerca sample, the VC3 atlas shows a partially obliterated metaphyseal scar on its transverse processes. This feature is consistent with the Gray (1959) . (1) Diameters in major axis of upper articular facets (UAFMAD) (right-left); (2) diameter at a right angle to the major axis of upper articular facets (UAFfrD) (right-left); anterior arch thickness at the level of the anterior tubercle (A ATh); craniocau dal diameter of laminae (CCDLam) (right-left); total vertebral dorsal height (DoH); distance between the tubercles for the attachment of the transverse lig ament (DTub); inferior transverse diameter (ITrD); lower articular facet dorso ventral diameter (LAFDvD) (right-left); total vertebral ventral height (Mla); body craniocaudal dorsal diameter (M2); body inferior transverse diameter (MS); canal dorsoventral maximum diameter (MW); canal transverse maxi mum diameter (M11); spine length (M13); maximum dorsoventral diameter (l\1DvD); maximum transverse diameter CMTrD); posterior arch thickness at the level of the posterior tubercle (PATh); superior transverse diameter (STrD); transverse diameter of the facet for the axis (TrDFA); maximum trans verse diameter of the tip of the spinous process (TrDTSP). The following vari ables have not been drawn: body inferior anteroposterior diameter (MS), taken perpendicular to M8; upper articular facet dorsoventral diameter of the axis (UAFDvD) (right-left); upper articular facet transverse diameter of the axis (UAFfrD) (right-left); lower articular facet transverse diameter (LAFfrD) (right-left), taken perpendicular to LAFDvD; thickness of the laminae (ThLam), taken perpendicular to CCDLam; anterior arch height at the level of the anterior tubercle (AAH), taken perpendicular to AATh; maximum height of lateral masses (right-left) (MHLM), taken at the lateral edges of the lateral masses of the atlas; posterior arch height at the level of the posterior tubercle (pAH), taken perpendicular to PATh; height of the posterior arch in the groove for the vertebral artery (HPAG) (right-left). M# refers to the Martin number (Brauer, 1988) and variable definition. ill the axes, MW has been mea slUed on the caudal aspect of the vertebral foramen.
age at death estimated (21-25 years) for the associated verte bra VC4(C2). The left mass AT-2078 exhibits the immature appearance on the surface of both articular facets, while VC17 only exhibits this appearance in the upper articular facet.
In contrast to the atlas, the complex ossification pattern of the axis allows for more precise age-at-death estimates. The axis ossifies from five primary centers: one for the body, one for each half of the dens, and one for each half of the neural arch. The halves that form the dens are already fused at birth, whereas the neural arch is fused by the third or fourth year and the body is joined to the other elements by the fifth or sixth year of life.
The axis has five secondary centers of ossification: two for the transverse processes; the ossiculum terminale, which fuses at the end of the dens by the twelfth year; one for the spine; and an inferior epiphyseal ring, which fuses to the caudal part of the body (Scheuer and Black, 2000) . Buikstra et al. (1984) re ported that the fusion of the inferior epiphyseal ring commences by 17-19 years and is completed by the twenty-fifth year in their female sample from the Terry Collection. Both VC4 and VC28 show a partial fusion of the caudal epiphyseal ring. Nev ertheless, VC4 shows a more advanced state of fusion, so it could belong to an individual who was older than VC28.
Minimum number of individuals
A minimum of 28 individuals, based on the dental remains, have been identified among the SH human fo ssils (Bermudez de Castro et aI., 2004) . Regarding the atlas, a minimum of 10 individuals are represented, based on the repetition of the left mass. In addition, AT-3985 (a right lateral mass) represents an other individual due to its incompatibility with any of the left lateral masses. These 11 individuals represent six adults (one of them less than 25 years of age, represented by VC3) and five subadults, one of them possibly an adolescent, represented by VC17 (Table 2) . Among the axes, based on the repetition of the most common element (the dens of the axis), at least 10 in dividuals are recognizable: four adults (one of them less than 25 years of age), one late adolescent or young adult, one imma ture individual between 12 and 16 years of age, and four indi viduals older than 12 years. All these ages at death are fully compatible with those based on dental (Bermudez de Castro et aI., 2004) , cranial (Arsuaga et aI., 1997c) , and postcranial evidence (Carretero et aI., 1997).
Sex determination
Sex determination of the three most complete SH atlases and axes, which represent three individuals, was attempted based on multiple regression equations and discriminant func tions (Marino, 1995; Wescott, 2000) . The results suggest that these three sets of upper cervical vertebrae all represent male individuals.
Additionally, a discriminant function was generated from data taken from atlas specimens in the Hamann-Todd Osteolog ical Collection, and we calculated the a posteriori probability of the most complete SH atlases (VC3 and VC7) being classified as belonging to male individuals (Table 4) . These two SH atlases show a posteriori probabilities of being from male indi viduals higher than 0.80. Due to the incompleteness ofVC16, it was not possible to apply the discriminant function, but using an additional discriminant function in which only ITrD is used, VC16 is classified as being from a male with an a poste riori probability of 0.79. Marino's (1995) , We scott's (2000) , and our formulae were used to estimate the sex of several additional fossil atlases and axes. The results agree with the sex determinations based on other postcranial features with one exception: the Regourdou 1 individual is classified as being from a male using the axis, while its sex has been regarded as indeterminate by Vandermeersch and Trinkaus (1995) , On lhe olher hand, Krapina 98 and 104, of unknown sex, were classified as belonging to females, The classification of lhe Gran Dolina AT D6-90 still agrees with the previous sex determination by Carretero et aL (1999) , but lhe result should be interpreted more cau tiously due to its Iow a posteriori probability (0,67),
The results of lhe sex determination of lhe VC7 atlas and VC8 axis are also congruent with the sex assigrnn ent of Cra nium 5 based on lhe associated mandible AT-888 (Rosas et aL, 2002; Bermudez de Castro et aL, 2004) , Allhough Cra nium 5 appears to be a small male or a female when the cranial measurements are compared with other middle Pleistocene fo ssils and Neandertals, lhe facial skeleton is large and lhus likely lhat of a male (Arsuaga et aL, 1997c) , Brief description of the most complete atlases and axes
Atlases
The most complete adult atlases are shown in Fig. 2 . Specimen VC3(Cl) is lhe most complete nonmodem atlas of a fossil hominin yet fOlll1 d. It preserves the transverse processes, which show an incompletely obliterated metaphy seal line. This vertebra was fOlll1 d in anatomical connection with the VC4 axis. The anterior bar of the left transverse process is not fused to the posterior bar, and this specimen exhibits subtle tubercles for the attachment of the transverse ligament. The transverse processes show a triangular cross section, making the dorsal surface quite vertical.
Specimen VC7(Cl) is slightly larger and more robust lhan VC3, It lacks lhe transverse processes , The sulcus for lhe right vertebral artery is covered by a bony arch, while lhat on lhe left side is only partially covered. Such foramina are not un usual and have been reported in lhe atlas of lhe Shanidar 2 Neandertal (Stewart, 1962; Trinkaus, 1983) , Like VC3, lhis specimen exhibits subtle tubercles for the attachment of the transverse ligament.
Specimen VCI6(Cl) lacks lhe anterior arch and lhe trans verse processes. It exhibits severe postmortem erosion to the superior articular facets and inferior left articular facet. It is smaller lhan lhe VC3 and VC7 atlases, allhough lhe size of its posterior arch falls between lhat of VC3 and VC7, It also exhibits more strongly developed tubercles for the attachment of the transverse ligament.
All of the SH atlases possess straight medial edges of the in ferior articular facets, a feature that is also fOlll1 d in the Nean dertal specimens from La Chapelle-aux-Saints and La Ferrassie 1, while most atlases in our modem human comparative sample from Burgos possess rounded edges. We cannot evaluate this trait in other fossil hominins because this anatomical region suffers erosion [e.g., the Gran Dolina AT D6-90 and KNM ER 1808 atlases (see Leakey and Walker, 1985) ].
Axes
The most complete adult axes are shown in Fig. 4 . Specimen VC2(C2) is a nearly complete axis that lacks only the transverse processes and is eroded at the dorsoinferior (posteroinferior) part of the vertebral body, at both lateral ends of the superior articular surfaces, and at the spinous process. It is attributed to a fully adult indi vidual, as the inferior epiphy seal ring is completely fused. Its size is intermediate between the large axes (VC4 and VC8) and the small axis VC28.
Specimen VC4(C2) is a complete axis that is only slightly eroded on the dorsoinferior (posteroinferior) part of the body, at the tip of the spine, and at the lateral ends of the transverse processes and inferior articular facets. The secondary center of ossification of the spinous process is still unfused, and the in ferior epiphyseal ring is in a more advanced state of fusion than VC28. This specimen was found in anatomical connec tion in the excavation with the VC3 atlas.
Specimen VC8(C2) lacks the transverse processes and bone chips from the vertebral body at the base of the dens, from the tip of the spinous process, and from the ventralmost part of the right superior articular facet. It is slightly worn at the dorso inferior (posteroinferior) part of the body. It is similar in size to VC4, albeit slightly more robust. The spinous process is clearly bifid.
All of the spinous processes of the SH axes are robust. The axis specimens in the modern human samples that we have stud ied (Burgos and Hamann-Todd) possess spinous processes with a triangular shape in dorsal view and crO\vned with a narrow ridge at the cranial end. On the other hand, all the spinous pro cesses of the SH axes possess more vertically oriented lateral walls, and therefore the whole spinous process has a "trapezoi clal" and massive appearance. Neandertals that preserve this region show the same pattern [e.g., La Ferrassie 1 (GOmez Olivencia, personal observation) and Krapina 104 (see Figure 177 in Radovcic et aI., 1988: 72) ], as do some late Pleis tocene modem humans [e.g., Taforalt ID (G6mez-Olivencia, personal observation) and Dolnf Vestonice 15 (see Figure 14 .4 in Holliday, 2006: 244) ]. This pattern could be related to strong development of the nuchal muscles M. rectus capitis posterior major andM. obliquus capitis inferior.
Associations of vertebrae
Among the atlas and axis remains from the SH site, it has been possible to recognize three associated sets of vertebrae based on age at death, size, and anatomical compatibility (articular congruence). These sets are listed below:
• VC3(Cl) and VC4(C2): These specimens are the first two cervical vertebrae of a young adult individual of about 21-25 years of age at death based on the degree of fusion of the epiphyses. The atlas was found articulated with the axis.
• VC7(Cl) and VC8(C2): These vertebrae belong to an adult individual older than 25 years of age at death based on the complete fusion of the inferior epiphyseal ring. In addition, VC7 (and hence VC8) has been associated with Cranium 5 (Individual XXI; see Bermudez de Castro et al., 2004 ) based on size, articular congruence and sim ilar degree of osteophytosis (see below). This association is the first between cranial and postcranial remains from this site.
• VCI6(Cl) and VC2(C2) : These vertebrae belong to an adult individual of more than 25 years of age at death based on the complete fusion of the inferior epiphyseal ring. They exhibit a comparable degree of ossification of the insertion of the articular capsules between Cl and C2.
Morphology and metrics of the atlas

Metrics
The metric dimensions and indices of the SH atlases and comparative data from Neandertal and modem human samples are provided in Tables 5-7 . Results of the Kruskal-Wallis test and Mann-Whitney U-test are presented in Table 5 .
The SH atlases are metrically closer to Neandertals than to our modem human comparative samples; they show a sagittally elongated canal, sagittally expanded inferior articular facets, and a broader inferior transverse diameter. In Neandertals, the sagittal elongation of the atlas is more extreme than in the SH vertebrae. The significantly broader inferior transverse diarueter of the SH atlases (ITrD) (compared with both mod em human samples) has its counterpart in the significantly broader superior transverse diameter (STrD) of the SH axes (see below).
All the SH indices are well within the ranges of variation of our modern human comparative saruples (Table 7) . In contrast, Neandertals show a high shape index due to their sigruficantly larger maximum dorsoventral diameter. 
Size and shape of the vertebral fo ramen
The vertebral foramen of the atlas does not accurately re flect the size of the spinal cord (this trait will be discussed in the axis section and in the discussion below) because the ventral half is occupied by the dens of the axis. A Mann Whitney U-test indicates that the SH sample has a significantly larger dorsoventral canal diameter (MlO) than the Burgos modem human sample. The Neandertals have a larger canal, in both dorsoventral (MlO) and transverse (Ml l) diameters, than the Burgos modem human sample. This larger dorsoven tral diameter results in a high canal-shape index in Neandertals (Table 7) , which could be related to the dorsoventral elonga tion of the foramen magnum, a proposed Neandertal autapo morphy (Rak et aI., 1994 (Rak et aI., , 1996 ; but see Creed-Miles et aI., 1996) . It appears that the length, rather than the shape of the foramen magnum, is primarily responsible for distinguishing Neandertals from modem humans (Rak et aI., 1996) .
The values for the dorsoventral diameter of the foramen magnum (M7) of SH crania are similar to those of Neander tals, and both of these values are significantly larger than those for our human male comparative samples (Table 8) . Unfortu nately, the number of associated fossil atlases and cranial ba ses is small. Figure 6 compares the dorsoventral diameter of the atlas with that of the foramen magnum in the VC7 atlas (associated with Cranium 5), La Ferrassie 1, Skhul V, Dolnf Vestonice 14, Cro-Magnon, and two recent human samples. The SH specimen is well above the means for the modem human sample, but it is still inside their ranges. The fossil H. sapiens specimens from Skhul V and Cro-Magnon are just within the limits of the 95% equiprobability ellipse of the recent human samples. In contrast, the La Ferrassie 1 Ne andertal and the Dolnf Vestonice 14 modem human exhibit much larger values in both dimensions and are clearly outliers. When the variables are considered separately (Tables 6 and 8) , the SH and Neandertal specimens lie between the recent human sample and the extreme La Ferrassie 1 individual.
The canal-shape index calculated for all the SH atlases is well within the recent human range of variation (Table 7) . In contrast, the Neandertal mean canal-shape index is above the range of variation of the Burgos male sample, but it is still en compassed within the Hamann-Todd range of variation. "When ? The sex of the R.egourdou 1 specimen was lllldetermined by Vandenneersch and Trinkaus (1995) , but discriminant analysis petfonned by Carretero (1994) on the clavicle sexed this individual as a male with a probability of 99%, and Churchill and Fonnicola (1997) considered it to be from a male in their analysis.
§ Sex assignment is from Trinkaus (1983) . ,. Sex assignment is from Pap et al. (1996) . 1 Marino (1995) proposed 14 different fonnulae (7 multiple regression equations and 7 discriminant fllllctions). The number of these fonnulae that we have used is in parentheses. The fonnulae used different measurements, so the number of formulae used was contingent on the preservation of the fossil and/or the number of measurements available from the literahue. All of the results were consistent "Wi th each other. 2 Five variables were entered into the fOIward stepwise discriminant analysis (MDvD, STrD, ITrD, MlO, Mll); the variables used to calculate the discriminant fimction are: l\IDvD, STrD, ITrD. 3 Wescott proposed fi ve different discriminant equations. The number of fonnulae that we used and how many of them resulted in the proposed sex are in parentheses. Two equations in the case of VC8 and one in the case of VC4 and Regourdou 1 classifi ed these specimens as females but with a result close to the sectioning point. In contrast, three of the formulae classifi ed all of the SH specimens, La Ferrassie 1, and Regourdou 1 as males with a value well-above the mean for the male sample used by Wescott (2000) . 
'I § Maximum transverse diameter measured to the lateral margins of the superior or inferior articular facets (Trinkaus, 1983) .
'I 'I **1** 'I'
Abbreviations are as follows: SH = Sima de los Huesos; BU = BlUgos males; N = Neandertals; HT = Hamann-Todd males; K-W refers to the Kruskal-Wallis test perfonned on SH, BU, and N samples; M-W refers to the Mann-"Whitney U-test perfonned on different pairs of samples; M-W (B) refers to the Mann-"Whitney U-test adjusted using the Bonferroni method; * p < 0.05; ** P < 0.01; t 0.05 <p < 0.10; X=the analysis was not perfonned because one of the samples is of size n = 0 (K-W) or n < 2 (M-W). (Pap et al., 1996) .
the dorsoventral diameter of the canal is plotted against the transverse diameter (Fig. 7) , the estimated values for Shanidar 2 fall out of the 95% equiprobability ellipse of the Hamann Todd females and Burgos sample due to its extreme values. The three complete atlases from SH fall well within the 95% equiprobability ellipse of the Hamann-Todd male and Burgos male samples. Specimen VC7 falls outside the Hamann-Todd female subsample due to its large maximum transverse diame ter of the canal (Mll). Specimen AT D6-90 from Gran Dolina possesses small canal diameters, but it is still well-within our modem human samples' 95% equiprobability ellipses. The area of the vertebral foramen of the most complete SH atlases is significantly larger (p < 0.05, Mann-Whitney U test) than that of the Burgos male sample, regardless of the method used to estimate the area (Table 9 ). However, as noted above, this does not reflect the actual size of the spinal cord.
Tubercles fo r the insertion of the transverse ligament
The tubercles for the insertion of the transverse atlantal lig ament are located just below the medial margin of each superior facet in the atlas (Gray, 1959) . Tubbs et a1. (2002) found that 14.7% of the tubercles in his sample (n � 50 individuals) "did not protrude from the lateral masses into the vertebral foramen Table 8 and were merely smooth surfaces" (p. 345). Thus, we can rec ognize two different morphologies in the insertion of the trans verse atlantal ligament: (l) a tubercle that protrudes into the vertebral foramen and (2) a flat surface or a tubercle signifi cantly reduced in size that does not protrude into the vertebral foramen (Fig. 8 ). We will refer to the former morphology as "proj ected tubercle" or "large tubercle" and to the latter one as "weakly developed tubercle" or "small tubercle." We have classified the SH, Neandertal, and comparative samples into these two categories in Table 10 . In the literature, the tuber cles for the transverse ligament in Neandertals have been de scribed as "slightly prominent" ("peu saillant"; Boule, 1911 Boule, -1913 Heim, 1976: 311) , "small, poorly developed" (Arensburg, 1991: 114), or even "replaced by arough surface" ("remplace par une surface rugueuse" ; Martin, 1923: 214) . These descriptions are fully consistent with the "small tuber cle" morphology.
The first cervical vertebra AT D6-90 from Gran Dolina pos sesses a large tubercle for the attachment of the transverse lig ament (Carretero et aI., 1999; G6mez-Olivencia, 2005) . We lack information about this trait for the left mass of the female H ergaster specimen KNM-ER 1808 (Walker et aI., 1982; Leakey and Walker, 1985) and for the left mass KNM-ER 1825, found at a locality where robust australopith fo ssils
Comparison of the dorsoventral diameter of the foramen magnum in the SH sample, Neandertals, and recent humans 1 Sample SH 2 (n= 3) Neandertal pooled sex 3 (n = 7)
BlUgOS males (n = 10) Hamann-Todd males (n = 22) Coimbra males (n = 78) Coimbra females (n = 75) Foramen magnum DV diameter (M7) 41.3 ± 3.1 40.7 ± 4.7 34.8 ± 1.7 36.3 ± 2.4 36.8 ± 2.8 35.7 ± 2.6
Reference Arsuaga et al., 1997c; Martinez, 1995 Arsuaga et al., 1997c Martinez, 1995; McCo\Vll and Keith, 1939 ; Present study Present study Present study Martinez, 1995 Martinez, 1995 1 The results of the Mann-Whitney U-test showed no signifi cant difference between the SH and Neandertal samples, but both are signifi cantly (p < 0.05 and p < 0.01, respectively) larger than the BlUgOS sample. The Coimbra males are signifi cantly (p < 0.05) larger than the Coimbra females (Martinez, 1995) .
2 SH sample is composed of Crania 4, 5, and 6, all of which are assigned to male individuals. have been collected (Leakey and Walker, 1985) . The area in which the tubercles should be present has suffered mild dam age to the left articular process of the Australopithecus afaren sis atlas A.L. 333-83 (Lovej oy et aI., 1982) .
The atlases from the Sirna de los Huesos site show higher frequencies of small tubercles than do our two modem human comparative samples, but lower frequencies than are observed in Neandertals. Although we cannot completely rule out the possibility that the condition is a general reflection of robustic ity, the tubercle for the insertion of the transverse ligament does not appear to be remodeled by physical stress and thus the degree of development could be epigenetic (Tubbs et aI., 2002), which implies that this trait could be useful as a phylo genetic character. Moreover, the percentages of small tuber cles in the two modem human populations (Burgos and Afalou) are similar, despite their different chronology, geogra phy, and lifestyles. The presence of large tubercles in the AT D6-90 atlas from Gran Dolina suggests that high frequen cies of well-developed tubercles could be the primitive condi tion within the genus Homo, which has been preserved in late Pleistocene H. sapiens, as represented in the atlases SAM-AP 6268 from Klasies River Mouth (Grine et aI., 1998) 
Anterior tubercle of the anterior arch of the atlas
In the Sima de los Huesos atlases, all of the anterior arches (n � 7), regardless of their age at death, display a proj ecting an terior tubercle. The anterior tubercle of the anterior arch of the atlas (Fig. 9) projects caudally in 48.6% of the individuals in the modern human male comparative sample from Burgos (n � 37). Among Neandertals, all of the atlases that preserve the anterior arch (n � 5) have anterior tubercles that clearly proj ect caudally: La Quina (Martin, 1923) , Kebara 2 (Are nsburg, 1991), La Chapelle-aux-Saints (Boule, 1911 (Boule, -1913 , La Ferrassie 1 (Heim, 1976) , and Krapina 98 (Gorjanovic Kramberger, in Boule, 1911 Boule, -1913 . A caudally projecting anterior tubercle of the atlas is also present in the Gran Dolina atlas AT D6-90 and the Klasies River Mouth atlas SAM-AP 6268 (Grine et aI., 1998) . In contrast, Skhul V does not possess this morphological pattern (McCown and Keith, 1939) .
A caudally proj ecting anterior tubercle is not related to a thickened anterior arch in the SH sample. Moreover, the thickness of the anterior tubercle of VC3 and VC7 are similar 1 Asymmetry refers to the presence of a large tubercle in one of the lateral masses and a small tubercle in the other lateral mass of the atlas.
2 Among the adult atlases from SH, the tubercles are large in YC16 and AT-3985 (MNI = 2) and are small in YC3, YC7, AT-1818, AT-2584, and AT-3013 (MNI�4). 3 Among Neandertals, the tubercles are weakly developed in La Ferrassie 1 (Heim, 1976 ; present study), La Chapelle (Boule, 1911 (Boule, -1913 ; present study), Kebara 2 (ArensblUg, 1991), La Quilla H5 (Martin, 1923) , and Krapina 100 (present study). Shanidar 2 shows a large tubercle on the left side but a small one on the right side.
to the mean value of our modem male comparative sample. The anterior tubercle is the insertion point of the longus colli muscle, which flexes the neck, so high frequencies of a caudal proj ection of the anterior tubercle could be related to the hy pertrophy of this muscle.
Posterior tubercle of the posterior arch of the atlas
The posterior tubercle of the posterior arch of the atlas is the insertion area for M. rectus capitis posterior minor, which ex tends (bilaterally) and rotates (unilaterally) the atlanto-occipital joint (Gray, 1959) . In the three most complete individuals from SH, especially VC7, the posterior tubercle is big, and may be related to muscular hypertrophy.
Morphology and metrics of the axis
Metrics
The metric dimensions and indices of the SH axes and com parative data from Neandertal and modem samples are pro vided in Tables 11-13 . Results of the Kruskal-Wallis test and Mann-Whitney U-test are given in Table 11; Table 12 compares Neandertal and modem samples to the SH sample.
The most remarkable feature of the SH axes is that they are relatively low (low value of Mla and DCCDA) and wide (bigh values of STrD) compared to our modem male samples (both recent and late Pleistocene), which are higher and narrower, as shown in Fig. 10 . These differences result in lower shape and axis heightlbreadth indexes in the SH specimens. The SH axes clearly group with the Neandertals, but Skhul V also exhibits the same morphology, and so we cannot evaluate this trait phy logenetically. More fo ssils are needed to clarify this pattern. 
Size and shape of the vertebral fo ramen
The SH axes have canal-size dimensions and canal-shape indices that are well within our modern human sample range of variation (Tables 11-13; Fig. 11) . Moreover, the area of the vertebral foramen calculated for the SH specimens is close to the mean of our Burgos male sample (Table 14) . Among Neandertals, the remarkably large transverse diameter of the canal (M 11 ) in Shanidar 2 and the large dorsoventral diameter of the canal (MlO) in Krapina 105 place these verte brae out of the 95% equiprobability ellipse of the modern hu man comparative sample from Burgos (Fig. 11) .
Finally, we have compared the vertebral-canal surface area of the axes to their articular surface areas (as a proxy for size). The SH specimens' mean falls close to that of the Burgos human sample (Burgos mean � 97.9 ± 18.8, n � 29; SH mean � Table 11 99.6 ± 19.5, n � 3). Moreover, within the Burgos male sample, there is no evidence of a correlation between these two variables.
Pathological lesions
Pathology in the vertebral column has been described in several hominins (Cook et aI., 1983; Dawson and Trinkaus, 1997; Trinkaus, 1985; Ogilvie et aI., 1998) , including some of the SH hominins (perez, 2003) . We have found two kinds of pathology in the SH upper cervical vertebrae: a developmen tal defect and degenerative pathology.
In the VC3 atlas, the anterior bar of the transverse process remains unfused to the posterior bar of the transverse process, and thus the fo ramen transversarium is not completely de limited. The fusion of the anterior bar to the posterior bar of Raw dimensions (in mm) of the SH axes and results of the Mann-"Whitney U-test for differences between sample means in SH, Neandertals, and recent humans
Maximum dorsoventral diameter (l\.1DvD) # # Maximum anteroposterior diameter along the sagittal plane (McCown and Keith, 1939) . , , , § Maximum transverse diameter measlUed to the lateral margins of the superior or inferior articular facets (Trinkaus, 1983) . Abbreviations are as follows: SH = Sima de los Huesos; BU = BlUgos males; N = Neandertals; HT = Hamann-Todd males; K-W refers to the Kruskal-Wallis test petfonned on SH, BU, and N samples; M-W refers to the Mann-"Whitney U-test perfonned on different pairs of samples; M-W (B) refers to the Mann-"Whitney U-test adjusted using the Bonferroni method; * p < 0.05; ** P < 0.01; t 0.05 <p < 0.10; X=the analysis was not perfonned because one of the samples is of size (Martin, 1923 ), RegolUdou 1 (piveteau, 1966 , Shanidar 2, Shanidar 4 (Stewart, 1962; Trinkaus, 1983), and Tabllll Cl (McCown and Keith, 1939) .
the transverse process in modem humans occurs at about 3-4 years of age (Scheuer and Black, 2000) . The VC7 atlas shows a slight osteophytosis along the edges of its superior articular facets. This very slight osteophytosis finds its counterpart in the occipital condyles of Cranium 5, with which it is associated. Cranium 5's age at death has been estimated to be in excess of 35 years based on tooth wear, and thus it represents one of the oldest individuals in the SH sample, consistent with the appearance of this pathol ogy. The VC16 atlas shows porosity in the middle-dorsal part of its superior articular facets. It exhibits abnormal prolifera tion of bone on the edge of the lower articular facet, which is congruent with the abnormal porous bone present on the Table 13 associated VC2 axis at the edge of the superior articular facet. Moreover, the VC2 axis shows osteophytosis along the ventral edges of the superior articular facet (the only part of the facet that is preserved) and on the inferior articular fa cets. This would be consistent with early stages of degenerative joint dis ease (DJD). Finally, even if it cannot be considered technically pathological, the axis AT-2289 shows a rugosity on the cranio lateral end of the dens on the alar ligament's insertion points. This condition could be related to a slight ossification of the ligamentous attachment point (enthesophyte).
In general, the level ofDJD present in the SH upper cervical sample is not very severe, with the VC16-VC2 association be ing the most strongly affected. Degenerative joint disease is age-progressive (Aufderheide and Rodriguez-Martin, 1998) . In 80% of the cases, no cause is evident, and in other cases, the cause may be physical, infectious, or metabolic, among other fa ctors. Bocquet-Appel and Arsuaga (1999) demonstrated that there is a dearth of mature adult individuals at the SH site. Based on the study of dental wear, Bermudez de Castro et al. (2004) found only three individuals who were older than 35 years (one male and two of indeterminate sex). Of these three indi viduals, one could also be represented by Pelvis 1 (older than 35) and another, represented by the isolated pubis AT-2500, could be more than 45 years.
Bermudez de Castro and Perez (1995) studied the enamel hypoplasia in the SH sample to determine the level of biolog ical stress that affected the development of these hominins. They found that this population probably suffered a lower level of biological stress than did Neandertal populations (see also Cunha et aI., 20()4).
In summary, the appearance of different degrees of DJD in two SH adult individuals represented by the upper cervical vertebrae could indicate that these vertebrae belong to some of the older individuals represented by the dental material.
• H. Burgo' male, n::: 38
Canal transverse �wn diameter Fig. 11 . Axis canal dorsoventral diameter (y) vs. canal transverse maximum diameter in the BlUgOS sample and several fossil atlases. The 95% equiprob ability ellipses for the BlUgOS male sample and for the Iberomamusian pooled sex sample are gi ven. DV 13 refers to Dolni Vestonice 13. LFl refers to La Ferrassie 1. The value of MlO reported by McCown and Keith (1939) for the Skhul V axis is 24.6 mm, 0.1 mm above the value reported by Stewart (1962) , which is 6 mm above OlU value. TIll s extraordinary difference could be due to differences in meaSlUement method (see Fig. 1 ).
In one case, this is confirmed by the association of VC7(Cl) and VC8(C2) with Cranium 5 (age at death :> 35; Bermudez de Castro et aI., 2004).
Discussion
Phylogenetic evidence suggests that the SH sample and all European middle Pleistocene hominins represent populations that were ancestral to the Neandertal populations, as they are characterized by a mixture of shared primitive features and Neandertal apomorphies (Arsuaga et aI., 1997c; Carretero Martinez and Arsuaga, 1997) . In the SH upper cer vical vertebral sample, we have found some features that could be ofphylogenetic significance but whose polarity is difficult to ascertain due to the scarcity of horninin vertebrae. Within this group we can mention: (1) the development of the tubercle for the attachment of the transverse ligament of the atlas and (2) the heightlbreadth index of the axis. We should note that the SH specimens are metrically more similar to Neandertals than to our modern human comparative samples. Moreover, we have found that (1) 
Biomechanics
The atlanto-occipital articulation allows only for flexion and extension (Bogduk and Mercer, 2000) . It acts as a first class lever in which the occipital condyles act as the fulcrum, lying between the nuchal muscles and the mass of the head (Escuredo et aI., 2002) . In all other respects, the head and atlas move essentially as a single unit. Few muscles act directly on the atlas and, in fact, its movements are governed by the mus cles that act on the head (Bogduk and Mercer, 2000) . The SH horninins show a degree of prognathisrn (as measured by basion-prosthion length) that is similar to that of the Neander tals (Arsuaga et aI., 1997c ) and well-above the prognathism of modem humans (Martinez, 1995) . The SH atlases show en larged insertion areas for M. rectus capitis posterior minor and the SH axes have robust spinous processes that could re late to development of M. obliquus capitis inferior and M. rec tus capitis posterior major. "While these features could indicate muscular force acting at the atlanto-occipital joint to counter the aforementioned prognathism, we should recall that other muscles also act to extend the head (e.g., the M. semispinalis capitis), which could also play an important biomechanical role in this joint. Alternatively, these enlarged muscular-at tachment areas could simply reflect a generally robust body build and/or high activity levels, factors that could produce in creased caudal proj ection of the anterior tubercle, which would agree with the high body mass calculated for these hominins (Arsuaga et aI., 1999; Carretero et aI., 2004) .
The upper cervical spine of the SH hominins is character ized by a mediolaterally expanded atlantoaxial joint, repre sented by the ITrD of the atlas and the STrD of the axis, and a short craniocaudal dimension of the axis. During lateral incli nation of the head, there is no movement in the atlantoaxial joint (Kapandji, 1998) and we hypothesize that a mediolateral expansion would further stabilize this joint. The close relation ship between neck biomechanics and head movement and the fact that the head is the final link in an open kinematic chain that includes the cervical and the upper thoracic vertebrae (Winters and Peles, 1990 ) make it necessary, if we want to fully assess the biomechanics of this anatomical region, to take into account both the upper and lower cervical vertebrae and cranial morphology, which we plan to do in a future publication.
Size of the vertebral canal and its implications
Much attention has been devoted to vertebral-canal size and its relationship to spoken language. One factor in the evolution of human language that would be reflected in vertebral-canal morphology is increased breath control (MacLarnon, 1993; MacLarnon and Hewitt, 1999, 2004) . Modem humans have an enlarged thoracic vertebral canal, reflecting a larger amount of gray matter. Based on the morphology of the KNM-WT 15000 individual, a narrower thoracic canal has been proposed for Homo ergaster, indicating that this species may only have been capable of short, unmodulated utterances, such as those used by extant nonhuman primates (M:acLarnon and Hewitt, 1999). However, significant abnormalities have been found in the KNM-WT 15000 individual (Latimer and Ohman, 2001) , which could indicate some form of axial dysplasia, and so the small canal may be a reflection of a neural-canal stenosis associated with the pathology. In contrast, Schiess et al. (2006) argued that the diagnosis of a congenital dysplasia is not supported, indicating that the pathological lesions in the KNM-WT 15000 individual may not be as severe as previ ously reported. Moreover, the Dmanisi vertebrae (Meyer, 2005; Meyer et aI., 2006) , which are the oldest known for the genus Homo, fo llow the modem human pattern in all re gions, as the raw and relative sizes of the vertebral canals fall well within the human range, indicating that these homi nins may have had fine control of the respiratory muscles in volved in spoken language (Meyer, 2005; Meyer et aI., 2006) . showed that the mean cranial capac ity of SH's three most complete crania (1245 cm 3 ) (Arsuaga et aI., 1993 (Arsuaga et aI., , 1997c ) is slightly less than that of two compara tive samples from the Hamann-Todd Osteological Collection. However, given the large body-weight estimates for these hominins, their encephalization quotients are below both mod em human or Neandertal values (Arsuaga et aI., 1999) . In Ne andertals, higher encephalization quotients are reached by expansion of the cranial capacity, while in modem humans it is mainly achieved by a reduction in body mass (Arsuaga et aI., 1999; Carretero et aI., 2004) . In addition to the parallel trends in encephalization in these two lineages, the absolute size of the bony vertebral canal in the upper cervical spine reached modern human values by the middle Pleistocene. Pre liminary studies (Carretero et aI., 1999; Gamez et aI., 2004; Gamez-Olivencia, 2005) have shown that the SH lower cervi cal spine's canal had a similar size compared to modem hu mans, but a full assessment of this anatomical region will not be possible until larger sets of cervical and thoracic verte brae are associated. In any case, as demonstrated by , the SH hominins had the skeletal characteristics of the outer and middle ear that support the perception of spo ken language.
Summary and conclusions
Study of the SH upper cervical spine leads us to identify a minimum of 11 individuals represented by these fossils: 6 adults and 5 subadults. Three sets of associated atlases and axes, probably belonging to male individuals, have been iden tified: two older adults (one of them associated with Cranium 5) and one young adult. Metrical and morphological attributes reveal that SH atlases and axes are more similar to Neandertal homologues than to our modern male comparative samples. The SH upper cervical spine is characterized by: (1) a large maximum dorsoventral diameter of the atlas's canal, which may be related to the large dorsoventral diameter of the fora men magnum; (2) dorsoventrally large lower facets of the at las; (3) a mediolaterally expanded atlantoaxial joint; (4) a craniocaudally short axis; (5) a caudally proj ecting anterior tubercle of the anterior arch of the atlas; and (6) lateral masses of the atlas that possess weakly developed tubercles for the attachment of the transverse ligament at frequencies that lie between those of modem humans and Neandertals. Future as sociations of more cervical elements from SH will clarify the anatomy of this region and will improve our understanding of the biology of these humans.
